Microbial diagnostic microarrays are tools for simultaneous detection and identification of microorganisms in food, clinical, and environmental samples. In comparison to classic methods, microarray-based systems have the potential for high throughput, parallelism, and miniaturization. High specificity and high sensitivity of detection have been demonstrated. A microbial diagnostic microarray for the detection of the most relevant bacterial food-and waterborne pathogens and indicator organisms was developed and thoroughly validated. The microarray platform based on sequence-specific end labeling of oligonucleotides and the phylogenetically robust gyrB marker gene allowed a highly specific (resolution on genus and/or species level) and sensitive (0.1% relative and 10 4 CFU absolute sensitivity) detection of the target pathogens. In initial challenge studies of the applicability of microarray-based food analysis, we obtained results demonstrating the questionable specificity of standardized culture-dependent microbiological detection methods. Taking into consideration the importance of reliable food safety assessment methods, comprehensive performance assessment is essential. Results demonstrate the potential of this new pathogen diagnostic microarray to evaluate culture-based standard methods in microbiological food analysis.
Foodborne diseases and outbreaks are a major health issue, even in developed countries. For the year 2008, the European Union reported a 5,332 foodborne disease outbreaks resulting in 45,622 human illness cases, 6,230 hospitalizations, and 32 deaths (5) . These data indicate a strong need for reliable food safety assessment methods. Standard methods, as defined by the International Organization for Standardization (ISO), are principally culture based. Enrichment procedures are the most salient bottlenecks for reliable target cell detection (7) , and potential drawbacks of such methods have been reviewed (9) . In this study, we used a microarray-based approach to assess the performance of enrichment media for the detection of foodborne pathogens. The evaluation also addressed the influence of product native microflora on the outcome of the analysis.
MATERIALS AND METHODS
All experiments were performed with artificially contaminated food samples. Various strains of four common food pathogens, Listeria monocytogenes (strains SLCC 2755, NCTC 5105, and NCTC 7973), Salmonella (Salmonella Typhimurium DSM 544 and Salmonella Enteritidis DSM 9898), Campylobacter (C. jejuni DSM 4688 and C. coli DSM 4689), and Yersinia enterocolitica (NCTC 10460) were inoculated in food matrices of epidemiological relevance (e.g., meat, egg, cheese).
For each experiment, multiple sample sets were prepared by triplicate inoculation of up to four different levels of a single pathogen (0, 1 to 10, 10 to 100, and 100 to 1,000 CFU) in 25 g of each food sample. Bacterial cultures used for spiking were prepared as follows. An overnight culture was grown in brain heart infusion (BHI) broth (Merck KGaA, Darmstadt, Germany) at the optimal growth temperature (25uC for Y. enterocolitica and 37uC for S. enterica and L. monocytogenes). To obtain cells in a late logarithmic growth phase, 100 ml of the overnight culture was inoculated into 10 ml of BHI broth and grown for additional 6 to 8 h at the appropriate temperature. Campylobacter strains were grown at 42uC for 44 to 48 h under microaerophilic conditions and used directly for spiking. All cultures were diluted in 10-fold steps (up to 10 27 or 10 28 ), and 1 ml of each dilution was used for spiking 25 g of food sample.
For exact quantification of the inoculum, a plate counting assay was performed. Spiked samples were enriched according to the corresponding ISO standard methods (1) (2) (3) (4) . Culture media used were buffered peptone water (BPW; Merck) and Rappaport Vassiliadis (RVS) and Muller-Kauffmann tetrathionate-novobiocin (MKTTn) broths (Oxoid Ltd., Basingstoke, UK) for Salmonella, half-Fraser and Fraser broths (Merck) for L. monocytogenes, peptone-sorbitol-bile (PSB; Sigma-Aldrich GmbH, Vienna, Austria) and irgasan-ticarcillin-chlorate (ITC; Merck) broths for Y. enterocolitica, and Bolton broth (Oxoid) for Campylobacter spp.
A multiple pathogen spiking experiment was also performed. A minced meat (pork and beef mix) matrix was spiked with different levels of mixed Salmonella Typhimurium DSM 554, L. monocytogenes SLCC 2755, and Y. enterocolitica NCTC 10460 cultures. Samples were preenriched in BPW for 18 h at 30uC and then selectively enriched in RVS, Fraser, and ITC broths for S. enterica, L. monocytogenes, and Y. enterocolitica, respectively. The selective enrichment broths were incubated following the corresponding ISO protocols.
After enrichment, all samples were analyzed on selective agar plates according to the standard ISO protocols. In parallel, microarray analysis was performed with each enrichment broth using a previously published microarray for the detection of foodand waterborne pathogens and indicator organisms, which enables the detection of 24 bacterial pathogens and indicator organisms, including the four target organisms and the most likely commensal flora (8) . Microorganisms were collected from 2 ml of enrichment supernatant by centrifugation, and total genomic DNA was extracted with the Nucleospin tissue kit (Clontech-Takara Bio Europe, Saint-Germain-en-Laye, France) according to the manufacturer's instructions and eluted in 100 ml of buffer BE.
Subsequently, 5 ml of genomic DNA was used as a template for gyrB PCR amplification. PCR amplification, labeling, and hybridization were performed as described previously (8) .
An internal control was used for microarray data normalization. Obtained signals were normalized to the signal of the control oligonucleotide and expressed as a percentage (100% equals the signal of the control oligonucleotide). Normalized signals with values greater than 10% were considered unambiguously positive, and signals between 5 and 10% were considered borderline. An overview of all tested samples is given in Table 1 .
RESULTS AND DISCUSSION
Four independent spiking experiments were performed with L. monocytogenes (sample sets 1 through 4; Table 1 ). Sampling was performed after Fraser enrichment, and all samples tested positive for L. monocyto- genes, even at the lowest spiking level of 5 CFU/25 g of food (sample set 1). Spiked cheese samples were free of any other organisms targeted by the microarray, whereas the paté sample was naturally contaminated with L. monocytogenes. However, this contamination could not be detected on selective chromogenic Listeria agar (Oxoid) and Palcam agar (BiokarDiagnostics/Solabia, Pantin, France) plates by the reference method after half-Fraser and Fraser enrichment.
For S. enterica, two selective media were tested: RVS and MKTTn broths. The specificity of MKTTn broth was questionable; we were not able to detect spiked Salmonella strains with the microarray (even at the spiking level of 118 CFU/25 g of food; see sample set 5A, Table 1 ). Instead, we detected Proteus spp., Escherichia coli, and Pseudomonas aeruginosa. The loop inoculation of MKTTn broth culture onto xylose lysine desoxycholate (XLD) agar indicated that the background flora (Proteus and Citrobacter coliforms and Pseudomonas spp.) growth was equal to that of the target organism, S. enterica. In parallel, samples were enriched in RVS broth, in which S. enterica was detectable at 17 CFU/25 g of food (sample set 5B, Table 1 ). RVS broth was more efficient for suppressing the growth of background flora, and only E. coli survived. Additional experiments confirmed that after RVS enrichment S. enterica could be readily detected by the microarray analysis even at the level of 5 CFU/25 g of food (sample set 7, Table 1 ). Growth of other microorganisms (Proteus spp., E. coli, and P. aeruginosa) was obtained in the chicken meat matrix, but no other targeted microorganisms could be detected in egg.
Pork meat samples spiked with Y. enterocolitica were initially enriched in PSB broth for 5 days at 25uC without agitation. During our experiments, PSB broth production was discontinued by the manufacturer, and an alternative medium had to be found. Therefore, final enrichments were performed in ITC broth for 48 h at 25uC. In total, four sets of samples were obtained (sample sets 10 through 13, Table 1 ), two for each of the tested media. Although PSB broth is a standard culture medium recommended by ISO (3), it appeared unsuitable for the specific enrichment of Y. enterocolitica in this study. Microarray-based analysis completely failed to detect Y. enterocolitica even at the highest spiking level of 740 CFU/25 g of food (sample set 10, Table 1 ). However, microarray results indicated the presence of a range of other organisms: Proteus spp., E. coli, Aeromonas hydrophila, and Citrobacter spp. The microbiological confirmation of atypical pink colonies on Yersinia-selective cefsulodin-irgasan-novobiocin (CIN) agar with the API 20E test (bioMérieux, Marcy l'Etoile, France) revealed that especially Aeromonas spp. had overgrown Y. enterocolitica. In addition, massive growth of background flora, which was composed predominately of Pseudomonas spp., Proteus spp., and coliform bacteria, was observed. ITC broth also allowed the coenrichment of Proteus spp., A. hydrophila, and Citrobacter spp., but detection of Y. enterocolitica at 30 CFU/25 g of food was still possible (sample set 13, Table 1 ).
Chicken and pork meat were used as food matrices for spiking experiments with Campylobacter spp. Bolton broth under microaerophilic conditions with a higher incubation temperature (42uC) provided highly specific conditions for the enrichment of Campylobacter spp. Microarray analysis was performed on two sample sets and revealed that Campylobacter spp. could be readily detected at 10 CFU/ 25 g of sample (sample set 9, Table 1 ).
The final experiment involved parallel spiking of mixed minced meat with Salmonella Typhimurium, L. monocytogenes, and Y. enterocolitica. Microarray analysis performed after initial nonspecific preenrichment in BPW confirmed the complexity of the selected matrix. In the nonspiked controls, Proteus spp., A. hydrophila, Yersinia spp., and Citrobacter spp. were detected. The negative control sample tested negative on conventional selective media (XLD, CIN, and Palcam agars). The results of the ensuing specific enrichment demonstrated the effect that the choice of the enrichment medium has on the outcome of the analysis (Table 2 and Fig. 1 ).
In conclusion, of the two enrichment and cultivation procedures used for S. enterica, only RVS broth can be recommended; it allowed detection of spiked cells at low levels and the growth of background microflora was mostly inhibited. For L. monocytogenes, enrichment in Fraser broth was suitable and suppressed growth of other competing microorganisms. Unexpected results were obtained for Y. enterocolitica. Although Yersinia spp. signals were detected in the nonspiked samples, the signal was suppressed below detectable levels in the selective PSB broth culture. Both cultivation and microarray-based detection results were negative for Yersinia spp. (even for the samples into which Y. enterocolitica was spiked). Proteus spp. and Aeromonas spp. were always detected. Our results clearly showed that the application of various (recommended) enrichment procedures can lead to very different results, indicating the need to assess the specificity of cultivation procedures in more detail. Only a few of the mentioned selective media, e.g., Bolton broth, selectively and specifically supported the growth of the target organism. MKTTn, PSB, and ITC broths did not facilitate the growth of the spiked strains Salmonella Typhimurium DSM 554 and Y. enterocolitica NCTC 10460. These target organisms were outcompeted by the gram-negative background flora. Singer and coworkers (10) found similar results in their investigation and pointed out that the bias introduced by cultivation could dramatically influence the outcome of S. enterica surveillance systems and hinder traceback investigations during S. enterica infection outbreaks. Similarly, Arnold and coworkers (6) had problems isolating and identifying Y. enterocolitica in minced meat. Based on the phenotype of the colonies, it was possible to detect Yersinia-like growth on CIN agar in only 26% of the samples. Only in one sample (0.5%), a Y. enterocolitica strain was detected by all investigated methods.
In this pilot study, we clearly showed the questionable specificity of routinely used enrichment media and standard detection methods. However, these issues can be simply and reliably addressed and evaluated using microarray technology. Because cultivation-based ISO methods still represent the ''gold standard'' for food safety surveillance, performance issues must be taken into more detailed consideration.
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